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Blood-Brain Barrier (BBB) breakdown occurs in ageing and neurodegenerative diseases. Although 
age-associated alterations have previously been described, most studies focused in male brains; hence, 
little is known about BBB breakdown in females. This study measured ultrastructural features in the 
ageing female BBB using transmission electron microscopy (TEM) and 3D reconstruction of cortical 
and hippocampal capillaries from 6- and 24-month-old female C57BL/6J mice. Aged cortical 
capillaries showed more changes than hippocampal capillaries. Specifically, aged cortex showed 
thicker basement membrane (BM), higher number and volume of endothelial pseudopods, decreased 
endothelial mitochondrial number, larger pericyte mitochondria, higher pericyte – endothelial cell 
contact and increased tight junction tortuosity compared to young animals. Only increased BM 
thickness and pericyte mitochondrial volume were observed in aged hippocampus. Regional 
comparison revealed significant differences in endothelial pseudopods and tight junctions between 
cortex and hippocampus of 24-month-old mice. Therefore, the ageing female BBB shows region-
specific ultrastructural alterations that may lead to oxidative stress and abnormal capillary blood flow 
and barrier stability, potentially contributing to cerebrovascular diseases, particularly in post-
menopausal women.  
 









The blood-brain barrier (BBB) is a multicellular structure mainly composed of brain 
endothelial cells (BECs) that line cerebral microvessels, are tightly sealed together and, in association 
with pericytes and astrocyte end-feet, separate the brain parenchyma from the circulatory system 
(Abbott et al., 2006; Al Ahmad et al., 2011; Winkler et al., 2011; Wolburg and Lippoldt, 2002). This 
barrier limits paracellular transport via expression of continuous tight junctions between BECs, and 
modulates the entry of selected circulating ions, molecules, proteins and cells by specific transporters 
and receptors, thereby contributing to homeostasis of the central nervous system (Begley, 2004; Gee 
and Keller, 2005; Liebner et al., 2000b; Pardrige et al., 1990; Tsai et al., 2002). Dysfunction of the 
BBB is known to occur during normal ageing and in neurodegenerative disorders, including multiple 
sclerosis or Alzheimer´s disease (Popescu et al., 2009; Sweeney et al., 2018; Zlokovic, 2008).  
Structural changes have been observed in almost every cellular and subcellular component of 
the aged BBB (Cullen et al., 2005; Montagne et al., 2015; Simpson et al., 2010). For example, early 
studies reported a significant decrease in the number of mitochondria in BECs in both the cortex and 
hippocampus of male rodents, primates and humans (Hicks et al., 1983). In addition, the luminal 
surface of BECs has been reported to become irregular in a senescence-accelerated mouse model, 
showing a higher presence of protrusions pinching off the cytoplasm towards the capillary lumen (Lee 
et al., 2000). The thickness of the basement membrane (BM) has also been reported to be significantly 
increased during ageing in microvessels of the brain and retina in mice and humans (Candiello et al., 
2010; Ceafalan et al., 2019). Pericyte alterations appear to differ depending on the brain region and 
between species, with pericyte number being reported to decrease in human white matter but not grey 
matter (Farrell et al., 1987), whereas it has been observed to increase in male rat cortex (Peinado et 
al., 1998), or not to change at all in the brain of aged monkeys (Peters et al., 1991). In addition, 
pericyte area, coverage and contact with BECs have been described to decrease in aged male rodents 
and humans (Bell et al., 2010; Hughes et al., 2006; Stewart et al., 1987). In the ageing brain, 
astrocytes tend to show a swollen phenotype with thicker projections, accumulating in several regions 
including cortex and hippocampus (Amenta et al., 1998; Kanaan et al., 2010). Also, the process of 
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ageing has recently been described to promote neurovascular dysfunction by reducing astrocytic end-
feet coverage over brain capillaries in male mice (Duncombe et al., 2017).  
Despite women having a greater longevity (Regan and Partridge, 2013), higher prevalence of 
age-related neurodegenerative conditions such as Alzheimer’s disease (Altmann et al., 2014; 
Paganini-hill and Henderson, 1994) and poorer prognosis after stroke (Reeves et al., 2008), very few 
studies have examined the effect of ageing on the female BBB. Higher capillary permeability, 
decreased expression of tight junction proteins occludin-1, zonula occludens-1 and claudin-5 and 
increased inflammation mediated by tumour necrosis factor-α have been reported in BECs of aged 
female rodents compared to younger female animals (Bake and Sohrabji, 2004; Elahy et al., 2015). 
Bake and colleagues also reported a more prominent decrease in claudin-5 expression in aged female 
rats compared to age-matched males (Bake et al., 2009). Sex steroid hormones have been described to 
target brain vessels (Krause et al., 2006; Wilson et al., 2008), and especially oestrogen and 
progesterone have been shown to play a protective role at the BBB by reducing oxidative stress and 
attenuating neuroinflammation, leukocyte migration, metalloproteinase activity and tight junction 
degradation (Corcoran et al., 2010; Gavin et al., 2009; He et al., 2004; Ishrat et al., 2010; Maggioli et 
al., 2016; Pascual et al., 2013; Razmara et al., 2008; Stirone et al., 2005). Accordingly, reduced 
production of oestrogen during reproductive senescence has been reported to promote loss of BBB 
integrity and altered transport within the female mouse brain (Kastin et al., 2001; Wilson et al., 2008). 
These findings suggest that the structure and integrity of the female BBB may be particularly 
vulnerable to age-related changes and associated cerebrovascular conditions.  
As such, ultrastructural changes of the aged female BBB require additional investigation. The 
ultrastructure of the BBB is commonly assessed using transmission electron microscopy (TEM). 
Classical approaches involve collecting serial tissue sections which are then imaged at high resolution 
and the 2D images are used to assess areas, number or interactions between BBB components 
(Castejón, 2011; Cipolla et al., 2004; Haley and Lawrence, 2017). However, this technique is very 
time consuming and factors such as section folding or electron beam damage can lead to interrupted 
series and imperfect image stacks which may affect the interpretation of the results (Knott et al., 
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2008). Automation protocols have significantly improved the efficiency of TEM image acquisition 
and processing, including image stacking and montage compilation, enabling the development of 3D 
reconstruction techniques based on TEM imaging (Mathiisen et al., 2010). This approach has several 
benefits over a 2D analysis, such as in-depth analysis of volume, localisation in space and analysis of 
3D contact between several elements along the entirety of a reconstructed vessel. Therefore, the aim 
of this study was to analyse the ultrastructural changes in brain capillaries in the prefrontal cortex and 
CA1 region of the hippocampus of young and aged C57BL/6J female mice using 2D TEM images 
and 3D TEM reconstruction.  
 
2. Material and Methods 
2.1 Animals  
6 and 24-month-old female C57BL/6J mice (3 animals per age group) were bred and housed at 
The Open University and kept on a 12-h light/dark cycle, with food and water provided ad libitum. 
Oestrous cycle was determined by vaginal lavage (0.2-0.4 mL of distilled water) at the start of the 
light phase for 7 consecutive days. All animals were sacrificed within the same 2-h period at the 
beginning of the light phase of the light/dark cycle. All animal experiments were handled in 
accordance and under the ethical approval of The Open University Animal Welfare and Ethics 
Research Board and the UK Home Office (PPL 80/2612).  
2.2 Plasma collection and sex hormone measurement 
Mice were injected with an overdose of pentobarbital sodium 20% w/v (Animalcare, York, 
UK) and blood was collected, spun down at 2000 g, 4 oC, for 3 min. Collected plasma was processed 
using ELISA to measure the concentrations of estradiol (Calbiotech, California, US) and progesterone 




2.3 Brain collection and slicing 
  Mice were injected with an overdose of pentobarbital sodium 20% w/v (Animalcare, York, 
UK) and perfused intracardially with 0.01 M phosphate buffered saline (PBS), followed by 3% PFA 
and 1% glutaraldehyde in 0.1 M phosphate buffer (PB), pH 7.4. Brains were removed and kept in 
2.5% glutaraldehyde in 0.1 M PB for 5 days. After this post-fixation time, brains were sliced 
coronally into slices of 50 µm thickness using a vibratome. Slices were stored in 0.1 M PB at 4oC 
prior further processing. 
2.4 TEM sample processing 
Brain slices were transferred to fresh 2.5% glutaraldehyde (Agar Scientific, Essex, UK) in PB 
0.1 M at RT for 1h, and then rinsed in 0.1 M PB. Afterwards, slices were incubated in 1% osmium 
tetroxide (Agar Scientific, Essex, UK) in 0.1 M PB for 1h at RT, followed by dehydration in 
increasing graded aqueous solutions of ethanol from 30% to 100%. After 100% ethanol, slices were 
incubated in 100% acetone followed by impregnation with a mixture of 50% Epon 812 epoxy resin 
(Sigma-Aldrich, Dorset, UK) and 50% pure acetone (50:50, resin:acetone) for 2h at RT. For resin 
embedding, slices were placed on top of a cleaned piece of aclar plastic film, pre-covered with 
resin:acetone mixture. Each slice was covered with a drop of pure resin and a second film of aclar was 
slowly placed on top, ensuring air bubbles were removed. Slices between both films were incubated at 
60 oC for 48h to promote resin polymerisation. Gelatine capsules filled with an identifying number 
and a drop of resin were also incubated at 60 oC for 48h to polymerise. The slices were then 
uncovered, and the labelled capsules were placed on top of each one of them using pure resin before 
being incubated at 60 oC for 48h. Each capsule was coded, and all further analyses were carried out 
with the investigator blind to the experimental status of the tissue. For serial sectioning, two capsules 
per animal (one for each brain region) were used. The slices located on the surface of each capsule 
were trimmed into a block of size 30 µm x 300 µm, which was serially sectioned into 50 nm sections 
by a diamond knife with a small metal boat attached to it and filled with water (Diatome, 
Switzerland). Ribbons of tissue sections were floated on the water and collected onto copper slot grids 
covered by a carbon coated pioloform film. Sections on the grids were left air drying for at least 2h. 
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For counter-staining, sections were pre-treated with 1% HCl for 1 min in order to reduce formation of 
crystals and then washed in distilled water. Sections were then stained with 3.5% aqueous uranyl 
acetate (Agar Scientific, Essex, UK) for 20 min and washed in distilled water. Finally, grids were 
stained with Reynold´s lead citrate (Delta Microscopies, Mauressac, France) for 7 min, washed in 
distilled water and left to air dry for at least 2h before imaging.  
2.5 TEM imaging and 3D reconstruction 
 Selection of capillaries was based on the criteria of size (4-6 µm of diameter), presence of 
intact morphology, presence of pericyte processes and absence of vascular branching. Sections were 
imaged on a JEM 1400 electron microscope (Jeol, Tokyo, Japan). Images of selected capillaries were 
acquired automatically using an AMT XR60 camera (Deben, Suffolk, UK) and SerialEM software 
(https://bio3d.colorado.edu/SerialEM/), as described by Mastronarde (Mastronarde, 2005). 
Acquisition was performed using a column magnification of 6000x and acceleration voltage of 80 kV, 
and taking images of 3x4 frames (x: y axis) per section. Images were first corrected for projector lens 
distortion using the ImageJ plugin bUwarpJ (Arganda-carreras et al., 2006), and then stitched together 
into montages using Photomerge command in Adobe Photoshop CS6. For 3D reconstruction, 
montages were organised into serial stacks and automatically aligned using the ImageJ TrakEM2 
plugin as described by Cardona (Cardona et al., 2012). From 1 to 2 stacks per capillary were analysed 
in each animal (~10 µm of total vessel length). Each stack included 50 to 100 montages. Capillaries 
were then reconstructed in 3D using Reconstruct software 
(http://synapseweb.clm.utexas.edu/software-0), by tracing the cellular and subcellular components of 
interest in each montage of a serial stack. Finally, generated 3D reconstructions of capillaries were 
smoothed, stylised and coloured using 3D Studio Max software (Autodesk, California, US). 
Reconstructed capillary segments showed total lengths of ~10 µm. The video of a fully 3D 
reconstructed vessel segment is shown in Supplementary Video 1.  
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2.6  Quantification and data collection 
Structural features of interest including volumes, areas, numbers or lengths were quantified in 
the 3D reconstructed vessels using the tools provided by Reconstruct software. With regard to tight 
junctions, tortuosity was measured alongside the total vessel length taking three points (lumen, middle 
and BM sides of the junction) as reference in each section and obtaining a mean value. In addition, 
measurement of tight junction complexity was calculated by dividing the length of the tight junction 
by the diagonal of a rectangle containing the length and height of the whole tight junction, as 
explained previously by Jackman et al. (Jackman et al., 2013). Astrocyte – BM contact was calculated 
as the percentage of the surface area of the BM in direct contact with the astrocytic end-feet, using the 
flat surface values obtained in Reconstruct. Structures were traced within 2 µm from the point of 
astrocyte – BM contact, therefore it was not possible to identify an average number of astrocytic end-
feet per capillary. Five different capillaries were analysed per animal in each brain region, and a mean 
value was calculated for each region in each animal (n=3 mice/age group).  
2.7 Statistical analysis 
All data is presented as mean ± SEM. GraphPad Prism 8.2.0 (La Jolla, USA) was used for 
statistical analysis. Shapiro-Wilk normality test and Q-Q plots were used to assess distribution of the 
data. Data from the preliminary study (2D and 3D cortex, and 3D hippocampus) was individually 
analysed by using two-tailed Student´s t-test, whereas two-way ANOVA and Sidak’s correction test 
was used when comparing the data from the 3D analysis by region and age combined. In all cases the 





3.1 Structural 2D and 3D approaches differ when analysing features previously described 
to change with ageing. 
Previous studies have shown that plasma oestrogen and progesterone concentrations in aged, 
reproductively senescent female C57BL/6 mice most closely matches hormone levels in the 
dioestrous phase of the oestrous cycle in young mice (Felicio et al., 1984; Nelson et al., 1981). In 
agreement with these previous studies, the progesterone to estradiol ratio (P:E2) did not show 
significant differences between young female mice in dioestrous and aged female mice 
(Supplemental Fig. 1). Therefore, to avoid potential effects of hormonal fluctuations on BBB 
structure that may confound interpretation of the data, oestrous cycle was monitored by vaginal lavage 
and all young females were confirmed to be in dioestrous on the day of tissue collection 
(Supplemental Fig. 2).  
An initial comparison of analyses using 2D and 3D TEM images was performed by 
measuring three features of brain cortical capillaries previously described to change during ageing: 
BM thickness, BEC mitochondrial content and pericyte – BEC contact (Fig. 1). BM thickness was 
shown to be significantly increased in aged capillaries when compared to young capillaries in both 2D 
and 3D analyses (Fig. 1A).  Interestingly, the other two features showed differences depending on the 
analysis performed. The number and volume of BEC mitochondria was significantly decreased in 
aged capillaries compared to young animals in the 2D analysis (Fig. 1B). However, the 3D analysis 
showed a significant decrease in the number but not volume of mitochondria in the aged cortical 
capillaries (Fig. 1B). Pericytic projections were observed to spread intermittently over the BECs. The 
percentage of pericyte coverage of the BECs did not differ between young and aged mice in the 2D 




3.2 Regional differences between capillaries in young and aged mice using 3D 
reconstructed vessels when analysing features previously described to change with 
ageing. 
According to these results, the 3D analysis appears to give more detailed information 
regarding volumes and cell-cell interactions. Therefore, additional analyses of cortical and 
hippocampal vessels were carried out using 3D reconstructed vessels. As shown for cortical 
capillaries in subsection 3.1, BM thickness, BEC mitochondrial content and pericyte – BEC contact 
were also measured in capillaries from the hippocampus (Fig. 2). Hippocampal capillaries from aged 
mice showed a significantly thicker BM compared to young mice (Fig. 2A). In contrast, and despite a 
tendency to increase, no changes in BEC mitochondrial number and volume or pericyte – BEC 
contact were observed in aged capillaries (Fig. 2B and C). Comparisons of BM thickness, BEC 
mitochondrial content and pericyte – BEC contact in cortex and hippocampus of young and aged mice 
are summarised in Table 1. No significant regional differences were observed between cortical and 
hippocampal capillaries at any age in any of these features. 
 
3.3 Morphological features in cortical and hippocampal BECs: BEC pseudopods and tight 
junctions. 
When comparing young versus aged capillaries, filamentous pseudopod-like structures were 
observed to protrude from the endothelial cells into the lumen. According to the 3D analysis results, 
the number and volume of pseudopods was significantly higher in aged cortical endothelial cells 
compared to those in young cortical endothelial cells (Fig. 3A and B). No changes in pseudopod 
number or volume were observed in old versus young hippocampal capillaries (Fig. 3A and B). 
Regional comparisons found significantly more pseudopods and greater pseudopod volume in aged 
cortical capillaries compared to aged hippocampal capillaries (Fig. 3A and B). 
In the 3D reconstructed capillaries, tight junctions were visible wherever two endothelial cells 
overlapped (Fig. 4). Analysis of tight junction tortuosity was performed along the longitudinal length 
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of the capillary as an average of three reference points in the lumen, middle and basement membrane 
sides of the tight junction (Fig. 4A). Aged cortical capillaries showed a significantly greater degree of 
tight junction tortuosity compared to cortical young capillaries (Fig. 4B). In contrast, hippocampal 
capillaries did not show any significant changes in tight junction tortuosity due to ageing (Fig. 4B). 
However, when comparing aged capillaries of both regions, aged cortical capillaries showed higher 
tight junction tortuosity than aged hippocampal capillaries. Measurement of tight junction complexity 
was performed as published by Jackman and colleagues as transverse length (Jackman et al., 2013) 
(Fig. 5A), and showed no significant differences when comparing young and aged capillaries in any 
region (Fig. 5B). However, when comparing aged capillaries from both regions, tight junction 
complexity was found to be significantly lower in cortical capillaries (Fig. 5B). 
 
3.4 Morphological features in pericytes and astrocytes from cortex and hippocampus: 
pericyte mitochondria and astrocytic end-feet coverage.  
As assessed for BEC mitochondria in subsection 3.1, the number and volume of pericytic 
mitochondria were measured in 3D reconstructed cortical and hippocampal capillaries. The number of 
mitochondria contained within pericytes did not differ between young and aged mice in either the 
cortex or hippocampus (Fig. 6A). By contrast, pericyte mitochondrial volume was significantly higher 
in aged capillaries of both cortex and hippocampus compared to younger animals (Fig. 6B). 
Additionally, it was also noted that in some cases mitochondria of aged pericytes formed tubular 
networks. No significant changes were observed between regions in animals of any age. 
In 3D reconstructed capillaries, astrocytic end-feet were found to ensheath the vessel, in 
intimate contact with the surrounding BM (Fig. 7). The percentage of astrocyte coverage of the BM 
did not show any significant age-related changes in capillaries of cortex or hippocampus. Similarly, 
no significant differences were observed in astrocyte end-feet coverage between cortical and 





The present study confirms that the female BBB changes with age and shows age-related 
alterations similar to those previously described in the literature, including increased BM thickness, 
changes in BEC mitochondrial component and altered pericyte – BEC contact. Modifications in BEC 
surface, tight junction tortuosity and complexity and pericytic mitochondria were also observed in 
brain capillaries of aged female mice. Regional comparisons indicated more changes in aged 
capillaries in the prefrontal cortex compared to those in the hippocampus.  
The vast majority of ultrastructural studies on the effects of ageing at the BBB have been 
carried out using 2D analyses despite technical limitations which may affect the interpretation of the 
results (Knott et al., 2008). Therefore, we first carried out a comparison between analyses done on 2D 
images and 3D reconstructed models obtained by TEM from cortical capillaries. Despite some 
features being similarly changed when assessed by either technique (e.g. BM thickness), other 
measurements did not correlate between analyses (e.g. BEC mitochondrial content or pericyte – BEC 
coverage). This discrepancy might be due to the different resolutions available using each method. 
For example, the lack of depth in the 2D analysis might limit the measurement of certain structures or 
lead to misinterpretation. Additional depth information obtained from the 3D reconstruction, allows 
for the identification of features that are not as visible in flat images (e.g. changes in pericyte 
coverage) or give a different perspective depending on the feature (e.g. tubular mitochondria), which 
become useful when analysing complex and interrelated structures in brain microvessels (Mathiisen et 
al., 2010). Therefore, 3D reconstructed capillaries were chosen to carry out additional analyses of 
BBB characteristics between young and aged animals and between brain regions. 
Ultrastructural changes affecting cellular and subcellular components of the BBB, including 
pericytes, BM and TJ proteins, may be associated with detrimental effects on blood perfusion and 
metabolite clearance mechanisms in the cerebral vasculature, which may also contribute to cognitive 
decline and neurodegeneration (Ito et al., 2013; Morris et al., 2014; Sweeney et al., 2016). Among the 
observed age-related changes in BBB subcellular composition, a thicker BM in ageing is in agreement 
with recent studies in male mice that showed BM thickness to be doubled in aged cortical and 
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hippocampal microvessels (Ceafalan et al., 2019). This increase in thickness has also been observed in 
other species including human and rat during normal ageing, as well as in association with 
neurodegenerative diseases in both men and women (Alba et al., 2004; Farkas et al., 2006; Hicks et 
al., 1983; Morris et al., 2014). The higher BM thickness and stiffness observed in ageing has 
previously been correlated with changes in the proportion of extracellular matrix proteins such as 
collagen IV and laminins (Candiello et al., 2010; Ceafalan et al., 2019; Uspenskaia et al., 2004), 
leading to altered cerebral blood flow, accumulation of unwanted proteins and hindered clearance 
mechanisms in the mouse cerebrovasculature (Hawkes et al., 2011). Altogether, these results suggest 
that BM thickening is a universal feature in the ageing cerebrovasculature, and it may contribute to 
and exacerbate several neurodegenerative disorders that have a vascular component.  
Mitochondrial changes have also been described in the ageing BBB of mice, non-human 
primates and humans, and are commonly associated with oxidative stress and pro-inflammatory 
processes in the cerebral cortex (Burns et al., 1979; Enciu et al., 2013; Sure et al., 2018). 
Mitochondrial morphology is linked to its function, and depends on the balance of fusion and fission 
mechanisms (Aerts et al., 2008; Leadsham and Gourlay, 2010), which have been observed to change 
in ageing, leading to alterations in shape or accumulation of mitochondrial damage (Jendrach et al., 
2005; Scheckhuber et al., 2011). The age-related loss of BEC mitochondria observed in the present 
study is in agreement with several studies that described a decrease in mitochondrial number and 
volume in BECs of aged male rodents and non-human primates and human endothelial cells in vitro 
(Burns et al., 1979; Hicks et al., 1983; Jendrach et al., 2005). In addition, changes in mitochondrial 
shape have also been linked to mitophagy in ageing (Sun et al., 2015), in which either increased 
mitochondrial fission events lead to senescence and cell death (Scheckhuber et al., 2011), or, by 
contrast, reduced fission activity and development of network-like morphology postpones 
mitochondrial dysfunction and ageing, thereby promoting maintenance of cell viability (Gomes et al., 
2011). Our results suggest that BEC and pericyte mitochondria are differently affected by senescence. 
Given that the BBB has a high metabolic demand and mitochondria are related to cell physiology 
(Haddad-Tóvolli et al., 2017), modifications in their morphology might enhance the higher sensitivity 
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of the BBB to oxidant stressors, which together with decreased expression of antioxidant proteins and 
increased presence of reactive oxygen species in ageing, might promote cerebrovasculature damage 
(Grammas et al., 2011). Our observation of tubular networks of mitochondria in aged pericytes 
suggests that pericytes might be more resistant to age-induced damage than BECs in the female BBB. 
Interestingly, sex-specific differences have been reported in mitochondrial fission/fusion balance of 
cultured mouse cortical astrocytes, with female astrocytes having a higher level of mitochondrial 
fusion and therefore increased cell viability, an effect described to be mainly mediated by oestrogen 
(Arnold et al., 2008). Although astrocytic mitochondria were not measured in the present study, these 
findings suggest that a similar effect might be happening in female pericytes, and, when reproductive 
senescence strikes and sex hormone levels change, the mitochondrial component may promote cell 
viability in pericytes but not in BECs. Further studies on cell viability and mitochondrial activity 
might help to confirm and to better understand whether these structural alterations are related to 
changes in mitochondrial and cellular function.  
In addition to changes in mitochondrial content, BEC luminal surface projections, or 
pseudopods, were observed to vary in size and number during ageing, when analysed by 3D 
reconstruction in the cortex only. These results are consistent with previous studies that showed large 
luminal projections on BECs of senescence-accelerated mice, although this same study described 
them in hippocampal vessels and no quantitative analysis was carried out (Lee et al., 2000). BEC 
pseudopod-like microstructures have also been reported under inflammatory conditions in injured 
mouse BBB during encephalomyelitis (Lossinsky et al., 1991), and more recently in cultured human 
microvessel endothelial cells stimulated with chemokines such as CCL5 (Whittall et al., 2013). Also, 
recent in vitro studies with human endothelial cells, stimulated with tumour necrosis factor-α and 
interferon-γ, have shown surface structures that can be compared to these pseudopods, and also 
express and present adhesion molecules and chemokines (Øynebråten et al., 2015). Together, these 
findings suggest that higher number and volume of pseudopods in the ageing female BBB may 
increase the interaction of BECs with immune cells under pro-inflammatory conditions. A higher pro-
inflammatory state in the female BBB during ageing is supported by previous studies that found a 
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greater upregulation of genes related to immune activation and inflammation in the aged female brain 
compared to the aged male brain (Berchtold et al., 2008). BEC tight junctions have also been 
described to change during ageing, mainly related to BBB dysfunction in male rodents (Goodall et al., 
2018; Mooradian et al., 2003). We assessed tight junction morphology by measuring both complexity 
and tortuosity. Reduced tight junction complexity has been linked to BBB disruption in granulin 
mutant male mice after ischemic stroke (Jackman et al., 2013), while changes in tight junction 
morphology in blood vessels of human glioblastoma have been shown to correlate with abnormal 
junctional protein expression and distribution (Liebner et al., 2000a). Correspondingly, decreased 
tight junction protein expression has also been observed in human cortical endothelial cells during the 
progression of Alzheimer´s disease (Yamazaki et al., 2019). Also, increased tortuosity of tight 
junctions has been shown in post-capillary venules in the spinal cord of EAE mice when compared to 
vessels in healthy animals, which may lead to alterations in barrier permeability and immune cell 
transmigration into the brain (Lutz et al., 2017). Therefore, as mentioned above for BEC pseudopods, 
the higher tight junction tortuosity observed at the female neurovasculature in our study might be 
related to an age-dependent increase in neuroinflammation. Previous studies have reported that 
ovariectomisation of  middle-aged female rats lead to age-related loss of tight junction proteins 
depending on the brain region, in association with altered paracellular permeability in hippocampus 
(Bake et al., 2009; Bake and Sohrabji, 2004), but not in cortex (Sandoval and Witt, 2011). In these 
studies, changes in estradiol concentration were associated with regulation of BBB permeability. 
Altogether, these observations suggest that both tight junction organisation and morphology and their 
effect on permeability may be differentially regulated between brain regions, which might correlate to 
loss of sex steroid hormones and an enhanced neuroinflammatory state during reproductive 
senescence. 
Another important aspect of BBB function is the interaction between its different cellular and 
subcellular components. Pericytes play an important role in vessel stabilisation, BEC proliferation and 
modulation of capillary blood flow (Armulik et al., 2005; Cai et al., 2018; Ramsauer et al., 2002). 
Pericytes cover abluminal surface of BECs and share the same BM (Banerjee and Bhat, 2007; 
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Hellström et al., 1999), which allows a crosstalk between both cell types (Darland et al., 2003; Ribatti 
et al., 2011), that is enhanced in the so-called peg-and-socket interdigitations, where gap and adherens 
junctions promote close interconnection and exchange of nutrients, metabolites or ions (Li et al., 
2011; Liu et al., 2012; Winkler et al., 2011). In addition, BEC – pericyte contact has been shown to 
induce junctional protein expression and BBB formation, integrity and maintenance (Dohgu et al., 
2005; Shimizu et al., 2008). BECs and pericytes also interact with astrocytes, mediating attachment of 
the astrocytic end-feet and promoting a virtually complete ensheathment of the vessel (Armulik et al., 
2010; Mathiisen et al., 2010). Astrocytes have also been proved to promote BBB formation and 
maintenance in humans and rodents by inducing expression of tight junction proteins such as claudin-
5 or zonula occludens-1, as well as redistribution and polarized localisation of BEC transporters 
(Abbott et al., 2006; Al Ahmad et al., 2011; Obermeier et al., 2013). Both pericyte and astrocyte 
contacts have been reported to be decreased in male rodents during ageing, which leads to BBB 
breakdown and neurovascular dysfunction (Duncombe et al., 2017; Hughes et al., 2006). Our findings 
are in contrast with previous reports that showed either no change in pericyte coverage in aged male 
rodents (Bors et al., 2018; Goodall et al., 2018), or a significant decrease in both aged male (Bell et 
al., 2010) and female mice (Soto et al., 2015). Although more experiments are needed to determine 
the factors that contribute to these discrepancies, they may relate to technical differences between the 
analyses carried out using 2D images in the previous experiments and the 3D analysis performed in 
the current study, in addition to some difficulties in measuring pericyte projections. Similarly, the lack 
of significant age-related changes in astrocyte coverage in capillaries of any region is not consistent 
with previous studies that reported decreased astrocyte coverage over brain microvessels in male mice 
(Duncombe et al., 2017). Interestingly, astrocyte number has been reported to be higher in aged 
female mice compared to young female mice and aged male mice (Mouton et al., 2002), suggesting 
potential sex differences in both baseline astrocyte density and their response to age and changes in 
sex hormone concentrations. Indeed, sex-dependent increase in astrocyte number, in addition to the 
above-mentioned astrocyte increased viability due to higher levels of mitochondrial fusion (Arnold et 
al., 2008), might attenuate the ageing effect on astrocytic end-feet coverage in the female BBB. These 
findings, together with several other reports cited in this discussion, suggest that the BBB components 
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might age differently in females when compared to males. The absence of males in the present study 
hinders an in-depth assessment of potential sex-dependent alterations in brain capillary ultrastructure. 
The inclusion of males in a future comparative analysis would help identifying possible factors based 
on sex specificity that may correlate to the structural alterations observed in the ageing female BBB.   
In addition to age-dependent alterations, the present study showed regional differences 
between prefrontal cortex and hippocampus. The BBB of cortical capillaries appeared to undergo 
more age-related ultrastructural alterations than that of hippocampal capillaries. Although previous 
studies have reported a sensitivity of hippocampal vessels to ageing (Lee et al., 2000; Lourenço et al., 
2018; Topple et al., 1991), a recent study in aged male mice has shown cortical blood vessels to be 
more strongly affected by cholinergic denervation than those in hippocampus (Nizari et al., 2019), 
which might have important consequences in age-related vasculopathies including BBB disruption. 
Further comparisons of BBB changes between brain regions, and between males and females, would 
help understanding the role of these structural changes on BBB function and whether sex specificity is 
also contributing to the regional differences.  
 
5. Conclusion 
The present study provides evidence of the female BBB being altered at the ultrastructural 
level during normal ageing. Collectively, our results indicate age-related structural changes in the 
BBB of female mice that affect BM thickness, mitochondrial morphology, BEC surface and tight 
junctions and cell-cell contacts. Such changes might be associated with functional alterations in 
barrier permeability, capillary blood flow, inflammation, energy production and oxidative stress. 
Therefore, studies looking into inflammatory signals, pericyte viability, mitochondrial function and 
specific tight junction protein expression and distribution at the aged female BBB, may shed new light 
onto the described ultrastructural changes and the real extent of their impact on cerebrovascular 
function. These alterations may also contribute to the specific sex differences observed regarding 
incidence and progression of cerebrovascular diseases between males and females, as well as the 
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development of certain age-induced neurodegenerative disorders that present a vascular component 
and appear to be more prevalent in post-menopausal women. 
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Figure legends 
Fig. 1. Comparison between 2D and 3D analysis of cortical capillaries. A) In the 2D analysis, the BM of aged capillaries 
was almost twice as thick as the BM of young mice. Aged 3D reconstructed capillaries also showed a significant increase in 
BM thickness compared to young capillaries from the same region. B) Mitochondria were identified as rounded inclusions 
within the BEC cytoplasm on TEM images and 3D reconstructed vessels. In the 2D analysis, the number and area of 
mitochondria were significantly decreased in aged BECs. In the 3D analysis, mitochondrial number, but not percentage of 
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volume per total volume, was significantly decreased in aged vessels. C) 2D quantification of pericyte – BEC contact showed 
no significant differences between ages. However, 3D reconstruction showed a significant increase of pericyte coverage in 
aged capillaries compared to young capillaries. (n=3 animals/age group, Student’s t test; ***, p<0.001; *, p<0.005; ns, not 
significant). (Red stars (*): basement membrane; a: astrocyte; bec: brain endothelial cell; m: mitochondria; p: pericyte; tj: tight 
junction). 
Fig. 2. Age-related alterations in 3D reconstructed hippocampal capillaries. A) Aged hippocampal capillaries showed a 
significant increase in BM thickness when compared to young capillaries from the same region. B) Mitochondria were 
identified as rounded inclusions within the hippocampal BEC cytoplasm, and no significant changes were observed in number 
and volume between young and aged animals. C) 3D reconstruction showed no significant differences in regard to pericyte 
coverage in aged capillaries compared to young capillaries. (n=3 mice/age group, Student’s t test; *, p<0.05; ns, not 
significant).  
Fig. 3. BEC pseudopod structural analysis in 3D reconstructed cortical and hippocampal capillaries of young and aged 
female C57BL/6J mice. Pseudopods were identified as protrusions from the endothelial cytoplasm into the vessel lumen in 
3D reconstructed capillaries of young and aged female mice, in both cortex and hippocampus. A) Pseudopod number was 
significantly increased in aged cortical capillaries compared to young cortical capillaries, whereas no changes were observed 
between aged and young mice in hippocampus. In addition, pseudopod number was significantly greater in aged cortical 
capillaries compared to aged hippocampal capillaries. B) Percentage of pseudopod volume per total cell volume was 
significantly higher in cortical capillaries from aged animals compared to young cortical capillaries. In contrast, no changes in 
pseudopod volume were observed between aged and young mice in hippocampus. Additionally, pseudopod volume was 
significantly greater in aged cortical capillaries compared to aged capillaries from the hippocampus. (n=3 mice/age group, 
two-way ANOVA and Sidak’s correction test; **, ##, p<0.01; #, p<0.05; ns, not significant). 
Fig. 4. Tight junction tortuosity analysis in 3D reconstructed cortical and hippocampal capillaries of young and aged 
female C57BL/6J mice. Tight junctions were identified alongside the vessel where two BECs overlap in 3D reconstructed 
capillaries. A) Tight junction tortuosity was measured alongside the vessel, taking 3 points (lumen, middle and BM sides of 
the junction) as reference and obtaining an average value. B) Tight junction tortuosity was significantly higher in aged cortical 
capillaries compared to young cortical capillaries, whereas no changes were observed in hippocampal capillaries. Regional 
comparisons showed a significantly higher tight junction tortuosity in aged cortical capillaries in comparison to aged 
hippocampal capillaries. (n=3 mice/age group, two-way ANOVA and Sidak’s correction test; ###, p<0.001; *, p<0.05; ns, not 
significant). 
Fig. 5. Analysis of tight junction complexity in 3D reconstructed cortical and hippocampal capillaries of young and 
aged female C57BL/6J mice. A) Tight junction complexity was measured by dividing the length of the tight junction by the 
diagonal of a rectangle containing the whole tight junction. B) Tight junction complexity was not significantly changed by age 
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in cortical or hippocampal capillaries. Regional comparisons showed a small but significant increase in complexity in aged 
hippocampal capillaries versus aged cortical capillaries. (n=3 mice/age group, two-way ANOVA and Sidak’s correction test; 
#, p<0.05; ns, not significant). 
Fig. 6. Analysis of pericyte mitochondria in 3D reconstructed cortical and hippocampal capillaries of young and aged 
female C57BL/6J mice. Mitochondria were identified as rounded inclusions within the pericyte cytoplasm in 2D and 3D 
reconstructed capillaries in both cortex and hippocampus. A) The number of mitochondria did not show significant differences 
between aged and young capillaries in cortex or hippocampus. B) Percentage of mitochondrial volume per total cell volume 
was significantly increased in aged capillaries of cortex and hippocampus compared to their young counterparts. In some cases, 
mitochondria were observed to form tubular networks in aged pericytes. In contrast, regional comparisons did not show 
significant changes in pericytic mitochondrial volume or number between cortical and hippocampal capillaries at any age. 
(n=3 mice/age group, two-way ANOVA and Sidak’s correction test; *, p<0.05; ns, not significant). (Red stars (*): basement 
membrane; a: astrocyte; bec: brain endothelial cell; m: mitochondria; p: pericyte). 
Fig. 7. Analysis of the contact between astrocytes and BM in 3D reconstructed cortical and hippocampal capillaries of 
young and aged female C57BL/6J mice. Astrocytic end-feet were identified as large projections ensheathing the vessel and 
stablishing contact with the BM of 2D and 3D reconstructed capillaries from cortex and hippocampus. The percentage of 
astrocyte – BM contact was not significantly changed in aged capillaries compared to young capillaries in cortex or 
hippocampus. Similarly, astrocyte – BM contact did not show regional differences in any age when comparing cortical and 
hippocampal capillaries. (n=3 mice/age group, two-way ANOVA and Sidak’s correction test; ns, not significant). (Red stars 
(*): basement membrane; a: astrocyte; bec: brain endothelial cell; m: mitochondria; p: pericyte). 
 
Supplementary Figure legends 
Supplemental Fig. 1. Progesterone to estradiol (P:E2) ratio in young and aged C57BL/6J female mice. No significant 
differences were observed in P:E2 ratio between young female mice in dioestrous and aged female mice. (n=3 mice/age group, 
Student’s t test; ns, not significant).  
Supplemental Fig. 2. Classification of oestrous cycle stages in young and comparison with aged C57BL/6J female mice. 
Phase classification is based on the amount and types of cells present in the vaginal smear. A) Pro-oestrous, presence of 
numerous cells, white arrows point at nucleated epithelial cells (rounded and nucleated) and cornified cells (needle-shaped, 
dark). B) Oestrous, cornified cells and nucleated epithelial cells still appear, white arrow points at non-nucleated epithelial 
cells (similar shape to nucleated epithelial cells but without nucleus), which start appearing in this phase. C) Metoestrous, 
numerous cornified and non-nucleated epithelial cells are still visible, white arrow points at leukocytes that start appearing in 
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this phase. D) Dioestrous, mainly leukocytes with occasionally some non-nucleated cells. E) Vaginal smears of young female 
mice in dioestrous showed a similar aspect to those of aged acyclic female mice. Scale bars, 50 µm. 
Other Supplementary material 
Supplemental video 1. A fully reconstructed brain capillary fragment by TEM 3D analysis from a young C57BL/6J female 
mouse. Orange: astrocyte; yellow: pericyte; purple: brain endothelial cell; green: mitochondria. Square side: 1 µm. 
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Supplemental Figure 1
Supplemental Figure 2
Table 1. Comparison between 3D reconstructed cortical and hippocampal capillaries of young and aged female 
C57BL/6J mice. BM thickness, BEC mitochondrial content and pericyte – BEC contact were measured in 3D 
reconstructed vessels from cortex and hippocampus. Data is presented as mean ± SEM. P-values represent multiple 
comparisons between young and aged animals (n=3 mice/age group, two-way ANOVA and Sidak’s correction test). 
 Cortical capillaries Hippocampal capillaries 
Structural features Young Aged P-value Young Aged P-value 
BM thickness (µm) 0.05 ± 0.003 0.08 ± 0.01 0.02 0.05 ± 0.005 0.08 ± 0.005 0.04 
BEC mitochondrial 
number per length 
(number/nm) 
7.65 ± 1.66 2.61 ± 0.37 0.68 5.82 ± 2.51 13.34 ± 3.65 0.29 
BEC mitochondrial 
volume per total 
volume (%) 
5.04 ± 1.34 3.11 ± 1.33 0.9 3.43 ± 0.85 10.10 ± 5.78 0.66 
Pericyte – BEC 
contact (%) 
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